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(57) Abstract 

The present inveniion relates to concrete, mortar and other toidenabte mixtures comprising cwnent and X^te 
-n;e inventfon relates to hardenable mixtures comprising cement and fly ash which «» 

mixtures containing only concrete over the time period relevant for cotistnictlon. lo a specific example, processing ^'^J^.^'^^l^^ 
* deTire^sixe dislibuUon range gives a 100% yield of fly «sh fbr utilization in high quality con«ete 

significantly reduce construction costs, as well as provide a usefiil oudet for material that is Benerally regaided as a pollutant and a nusance. 
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METHOD FOR PREPARING FLY ASH FOR HIGH COMPRESSIVE 
STRENGTH CONCRETE AND MORTAR, 
AND COMPOSITIONS THEREOF 

5 FIELD OF THK rNVENTiON 

The present invention relates to concrete, monar and other hardenabie mixtures 
comprising cement and tly ash for use in consiructitjn. The invention includes a method 
for predicting the compressive strength of such a hardenabie mixture, which is very 
10 imponant for planning a project. The invention also relates to hardenabie mixtures 
comprising cement and tly ash which can achieve greater compressive strength than 
hardenabie mixtures containing only cement without fly ash over the time period relevant 
tor construction. 

15 BACKGRQUN H OF T^E INVENTtON 

Fly ash. a by-product of coal burning power plant, is produced worldwide in large 
quantities each year. In 1988, approximately '84 million tons of coal ash were produced in 
the U.S. in the form of fly ash (60.7%), bottom ash (16.7%), boiler slag (5.9%). and flue 
20 gas desulfurization (16.7%) (Tyson, 1990, Coal Combustion By-Produci Utilization 
Seminar, Pittsburgh. 15 pp.). Out of the approximately 50 million tons of fly ash 
generated annually, only about 10 percent is used in concrete (ACI Committee 226. 1987, 
•-Use of Fly Ash In Concrete," ACI 226.3R-&7. ACI J. Proceedings 84:381-409) while the 
remaining ponion is mostly disposed of as waste in landfills. 

25 

It is generally more beneficial for a utility to sell its ash. even at low or subsidized prices, 
rather than to dispose of it in a landfill, since this will avoid the disposal cost. In the 
1960's and 70's the cost of ash disposal was typically less ihan $1 .00 per ton. However, 
due to the more stringent environmental regulations starting in the late 1970\s, the cost of 

30 ash disposal has rapidly increased to from $2.00 to S5.00 per ton and is siil) risino higher 
(Bahor and Gnlden, 1984, Proceedings, 2nd International Conference on Ash Technology 
and Marketing, London, pp. 133-136). The shonaije of landfill due w environmemal 
concerns ha<; further escalated the disposal cost. The Environmental Protection Aeency 
(EPA) estimated in 1987 that the lotai cost of wa.ste disposal at coal fired power plants 

35 ranged from $1 1 .00 ii> $20.00 per ton for tly ash and boaom ash (Coursi. 1991 , 

Proceedings: 9th ImM Ash Use Sympo.sium. 1:21-1 to 2M0). This increasing trend of 
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disposal cost has caused many concerns and researchers are urgently seeking means for 
better utilization of fly ash. One potential outlet for tly ash is inci>rporation in concrete or 
monar mixtures. 



5 Ry ash is used in concrete in two distinct ways, one as a replacement for cement and the 
other as a filler. The first use takes advantage of the poKolan properties of fly ash, 
which, when it reacts with lime or calcium hydroxide, can enhance the strength of 
cementitious composites. However, fly ash is relatively inert and the increase in 
compressive strength can take up to 90 days to materialize. Also, since fly ash is just a 
10 by-product from the power industry, the quality {)f Hy ash has always been a major 
ci>ncern to the end users in the concrete industry. 

Incorporation of fly ash in concrete improves workability and thereby reduces the water 
requirement with respect to the conventional concrete. This is most beneficial where 
15 concrete is pumped into place. Among numerous other beneficial eifects are reduced 
bleeding, reduced segregation, reduced permeability. increa,sed plasticity, lowered heat of 
hydration, and increased setting times (ACI Committee 226. 1987, supra). The .slump is 
higher when fly ash is used (Ukita el al., 1989, SP-1 14, American Concrete Institute, 
Detroit, pp.2 19-240). 

20 

However, the use of fly ash in concrete has many drawbacks. For example, addition of 
fly ash to concrete results in a product with low air enirainment and low early strength 
development. 

25 As noted above, a critical drawback ot the use of tly ash in concrete is that initially the fly 
ash significantly reduces the compressive strength of the concrete. Tests conducted by 
Ravindrarajab and Tarn (1989. Fly Ash. Silica Fume. Slag, and Natural Pozzolans in 
Concrete. SP-1 14, American Concrete Institute, Detroit, pp. 1.39-155) .showed that the 
compressive strength of fiy ash concrete at early ages are lower than those for the control 

30 concrete, which is a general propeny of concrete or mortar when fiy ash is added. Most 
of the reported studies tend to show a lower concrete strength due to the presence of fiy 
ash: none has yet suggested a solution to actually enhance the property of concrete 
economically. Yet, for fiy ash to be used as a replacement for cement, it musi be 
comparable to cement in terms of strength contribution at a point u.<;eful in construction. 
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As a practical matter, this means that the fly ash concrete musi reach an acceptable 
compressive strength within about 2 weeks. 



Swamy (1984, Proceedings, 2nd fnfl Conference on Ash Technology and Marketing, 
5 London, pp. 359-367) showed that 30% replacement by weight, and inclusion of a high 
dose of a superplasticizer, yielded concrete with material properties and structural 
behavior almost identical to those of concrete of similar strength without fJy ash. 
However, due to the high cost of superplasticizer, mix proportioas were not economical. 

10 Fly ashes from different sources may have different effect to concrete. The same fly ash 
may behave differently with Portland cements of different types (Popovics, 1982, ACI J. 
Proceedings 79:43-49), since different types of Portland cement (type 1 to V) have 
different chemical composition. Other factors relating to the effects of fly ash on concrete 
that are not presently understood are lime availability, the rate of solubility and reactivity 

15 of the glassy phase in different fly ash, and the proper mix proportion to ensure early 
strength development of fly ash concrete. 

Fly ash particles are typically spherical, ranging in diameter from 1 to 150 micrcms (Berry 
and Malhotra, 1980. ACI J. Proceedings 77:59-73). Aitcin et al. (1986, Fly Ash, Silica 
20 Fume, Slag, and Natural Pozzolans in Concrete, SP-9L American Concrete Institute, 

Detroit, pp. 9M 13) showed that if the average diameters, D^,, of fly ash are smaller, the 
surface area of the fly ash will be larger than those with larger average diameters. 

Many factors affect the size or average diameter of fly ash. including storage conditions. 
25 ash collection processes, and combustion conditions. Combustion conditions are perhaps 
most important, because these determine whether carbi^n remains in the ash or if 
combustion is complete. 

There are two main forms of combustion: dry bottom boiler combustion and wet boaom 
30 boiler combustion. The main difference between the two types of boiler is that wei 

bottom boilers reach the fijsion temperature of ash. thus resulting in fly ash with greater 
glass characteristics. 



There are generally two methods known tii measure the tlneness of lly ash. The first is 
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by measuring the residue on the 45 micron (No. 325 sieve), which is the method used in 
the United Stales. The second method is the surface area method by air permeability test. 
Lane and Best (1982. Concrete Im'I: Design & Construction 4:81-92) suggested that 45 
microas sieve residue is a consistent indicator of pozzolanic activity. For use in concrete 
5 or mortar, ASTM C 618 (1990, ASTM C 618-89a, Annual Book ofASTM Standards. 
Vol. 04.02) specifies that not more than 34% by weight of a given tly ash be retained on 
a 45 microns sieve. However. Ravina (1980, Cement and Concrete Research 10:573-580) 
reported that specific surface area provides a more accurate indicator of pozzolanic 
activity. 

10 

Research carried out by Ukita et al. (1989, supra) purported that as the percentage of 
finer particles, i.e.. those particles ranging from diamecers of I to 20 microns, in concreie 
increases, the corresponding strength gain is notable. Similar ob.scrvations have been 
reponed by Giergiczny and Werynska (1989, Fly Ash, Silica Fume, Slag, and Natural 
15 Pozzolans in Concrete, SSP-1 14, American Concrete Institute, Detroit, pp. 97-1 J5). 

Both of the groups mentioned above describe results with tly ash of disparate 
characteristics and sources, but did not include controls for these variable. Thus, although 
the emphasis of these reports is on the performance of finer particle tly ashes, the 

20 variables introduced into the studies lead to reservations with respect to any cimclusions 
that may be drawn. In particular, Ukita el al. (1989. supra) collected fly ash from 
diflerent locations. However, an earlier report demonstrated that tly a.shes collected from 
different locations have different chemical properties (Liskowiu et a!., 1983. \Si)rbate 
Characteristic of Fly Ash." Final Report, U.S. Dept. of Energy. Morganiown Energy 

25 Technology Center, p. 211). Giergiczny and Werynska (1989, supra^ ground the original 
tly ash into difterent sizes. Grinding can add metal particles into the fly ash, and also 
tends to yield unnaturally shaped particles ot tly ash. Thus, these reports fail to provide 
conclusive intormacion about the effect of tine particle size on the properties imparted by 
tly ash. 

30 

Berry et ai. (1989. Fly Ash, Silica Fume, Slag, and Natural Pozzolans in Concrete. SP- 
1 14, American concrete Institute, Detroit, pp. 241-273) studied the properties of tly ash 
with panicle size smaller than 45 microns, so called "heneftciated" tly ash. in monar. Fly 
ashes of this particle size showed improved pozzolanic activity, reduced water demand and 
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enhanced ability to reduce alkali-aggregate reactivity. 
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Although beneficiated fly ash seem to show promising results in terms of improved 
performance of mortar, other researchers concluded otherwise when used in concrete. 
5 Giaccio and Malhotra (1988, Cement, Concrete, and Aggregates 10:88-95) also conducted 
the test using the beneficiated fly ashes. They showed that the concrete made with ASTM 
type 1 cement, the use of beneficiated fly ash and condensed silica fume did little to 
enhance the properties of concrete compared with the raw fly ash. 

]0 There is a need in die art to utilize all of the tly ash produced in coal-dust fired boilers. 

There is a further need to process fly ash efticieniiy to provide about 100% yield of useftil 
product. 

15 There is a ftjrther need in the an for high strength concrete and mortar ctmtaining fly ash. 

There is yet a further need in the art for the utilization of fly ash generated during coal 
combustion. 

20 These and other needs in the art are addressed in the instant application. 

The citation or identification of any reference in this application shall not be construed as 
an admission that such reference is available as prior art lo the present invention. 

25 SUMMARY O F THE INVENTION 

The present invention relates to hardenable mixtures comprising processed tly ash of a 
defined fineness as a replacement for cement in cementitious materials, which hardenable 
mixtures achieve compressive strength that is about equal to or greater than the 
30 compressive strength of the same hardenable mixture without tty ash in a time period that 
is acceptable for construction and other applications. In particular emb(»dimenls. the 
hardenable mixture can be concrete or mnrtar. as hcreinatter defined. 

The invention is related lo the invention disclo.sed and claimed in U.S. Patent Applic;*tion 
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No. 08/246,875, filed May 20, 1995, and in International Patent Publication No. WO 
95/32423, published November 30» 1995, of" PCX Iniernational Palenc Application No. 
PCT/US95/06I82. boih entitled "IMPROVED COMPRESSIVE STRENGTH OF 
CONCRETE AND MORTAR CONTAINING FLY ASH". However, the present 
5 invention is based on the discovery that fly ash having desirable character istics. such as a 
fineness modulus as defined in Application Serial No. 08/246*875 and International 
Publication No. WO 95/32423 (PCT/US95/06182), can be prepared by processing fly ash 
from boilers so as to shift the entire distribution of sizes to a desired range, while 
retaining substantially uniform spherical shape of the processed fly ash. This invention 
10 advantageously avoids the need for size fractionation, e.f^,. by air classification, and 
provides a pnxJuci with approximately 100% yield that, when incorporated in a 
hardenable mixture, such as concrete or mortar, demonstrates compressive strength 
properties that are equal or better than fractionated fly ash achieves with such 
classification methodology, such as air classification. 

15 

An important advantage of the present invention relates to the imprtwed compressive 
strength properties contributed by the processed fly ash hardenable mixtures. For 
example, in mortar prepared using processed fly ash of the invention tt> replace 25% of 
the cement^ "cross-over" in compressive strength of the mtirtar compared with a control 
20 mortar occurs within 7 to 14 days, and the compressive strength of the mortar containing 
processed fly ash is 50% greater than the control after 56 days. 

As noted above, another advantage of the invention is that the process dues not require 
traciionatiun, and allows for utilization of about 100% of the fly ash obtained from a 
25 boiler operation. Quantitative utilization of the fly ash avoids the need to dispose of 
undesirable fly ash tractions, which addressed the concerns of utilities for abatement of 
this otherwise undesirable pollutant. 

A further advantage of the invention is that the grinding process appears tc» release 
30 ammonia captured in the surface of fly ash produced from urea-treated coal (which is used 
to reduce NO, emissions). The pre.sence of ammonia in fly ash renders it unsuitable for 
u.se in ctmcrete or mortar. 



Yet another advantage of the present invention is that processing minimizes the eflects of 
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boiler conditions on fly ash properties associated with boiler conditions and the degree of 
coal pulverization. Accordingly, fly ash can be dry bonom boiler fly ash or wet bottom 
boiler fly ash. 

5 The processed fly ash of the invention is characterized by having the tbilowing properties: 
substantially uniform spherical shape; greater than about 90% of the particles have a 
diameter of less than 1 1 fim, greater than about 60% of the particles have a diameter of 
less than 5.5 fim, and greater than about 15% of the particles have a diameter of less than 
1.375 fim: a median particle diameter of less than about 4.0 fim; and a range of particle 

10 diameters of from about 0. 1 )in\ to about 70 fim. Preferably, greater than about 93 % of 
the particles have a diameter of less than 1 1 /tm. greater than about 70% of the particles 
have a diameter of less than 5.5 urn, and greater than about 18% of the panicles have a 
diameter of less than 1 .375 fim. In another preferred aspect, the median panicle diameter 
is less than about 3.0 Mm. In yet another preferred aspect, the range of particle diameters 

15 is from about 0.9 t(» about 62 fim. In a specific embodiment, the fly ash is prepared 
by grinding unfraciionated fly ash. 

As shown in a specific example, infra, the preferred characteristics of the fly ash are as 
follows: greater than about 93% of the particles have a diameter of less than 1 1 iim, 
20 greater than about 70% of the particles have a diameter of less than 5,5 ^m. and greater 
than about 18% of the panicles have a diameter of less than 1.375 tim: the median 
panicle diameter is less than about 3.0 ptm; and the range of particle diameters is from 
about 0.9 ftm lo about 62 pm. 

25 In another aspect, the invention is directed to fly ash prepared by processing fly ash so as 
to shift the size distributicm to have the characteristics noted above, i.e.. 
substantially uniform spherical shape; greater than about 90% of the particles have a 
diameter of less than 1 1 ^m. greater than about 60% of the particles have a diameter of 
less than 5.5 fim, and greater than about 15% of the panicles have a diameter of less than 

30 1 .375 fim: a median panicle diameter of less than about 4.0 fim: and a range of panicle 
diameters of from about 0. 1 to about 70 fim. in a specific example, infra, (he 
processing comprises" grinding with a fluid bed grinding process with a low ratio of fly ash 
to grinding media. In a specific embodiment, infra, about two parts unfraccionated tly 
ash are ground with about one pan grinding media (by volume), and the grmding media is 
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zirconium silicate. However, other grinding media, such as carbon steel, arc also 
cDniemplated for use according to the invention. 

Naturally, in addition to fly ash, (he present invention is directed to a method for 
5 preparing fly ash comprusing processing fly ash so as to shift the size distribution to have 
the desired characteristics as set forth above. In a preferred embodiment, exemplified 
infra, the method of processing comprises grinding with a fluid bed grinding process with 
a low ratio of fly ash to grinding media. In a specific example, about two parts of 
unfractionated fly ash arc processed with about one part grinding media (by volume), in a 
10 specific embodiment, the grinding media is zirconium silicate. In another embodiment, 
the grinding media may be carbon steel. 

As is readily apparent to one of ordinary skill in the an, selection of starting material and 
grinding conditions are necessary to yield the tly ash of the invention, in a specific 
15 embodiment exemplified herein, unfractionated (unclassified) fly ash unexpectedly yields a 
superior processed fly ash product after grinding; a coarse fraction i>f fly ash does not 
yield the same quality processed fly ash pnxluct under the same grinding condiiioas. 

As noted above, the present invention is directed to hardenable mixtures ctjmprising fly 
20 ash processed according to the invention. For example, the invention is directed lo 
concrete comprising about I part by weight cementitious materials, about 1 to about 3 
parts by weight fine aggregate, about I to about 5 parts hy weight coarse aggregate, and 
about 0-35 to about 0.6 parts by weight water, wherein the cementitious materials 
comprise from about 10% to about 50% hy weight the fiy ash of the invention and about 
25 50% to about 90% by weight cement Concrete of the invention may further comprise 
silica fume or glass fibers. 

in another embodiment, the hardenable mixture is a mortar comprising about I pan by 
weight cementitious materials, about I to about 3 parts by weight fine aggregate, and 
30 about 0.35 to about 0.6 parts by weight water, wherein the cementitious materials 

comprise from about 10% to about 50% by weight the fiy ash of the invention and about 
50% to about 90% by weight cement Mortar of the invention may further compri.se 
silica hime or gla.ss fibers. 
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In a further aspeci. in a hardenable mixture, i.e., concrete or monar, of the invention, the 
fine aggregate may comprise sand and fly ash, wherein a ratio by weight of sand to Hy 
ash is from about 4: 1 to about I : L Preferably, the fly ash has a fineness modulus of Itsss 
than about 600, wherein the fineness modulus is calculated as the sum of the percent of fly 
5 ash retained on sieves of 0, I. 1.5. 2, 3, 5, 10, 20, 45, 75, 150. and 300 microns (as 
described in Application Serial No. 08/246.875 and International Publication No. WO 
95/32423). In another embodiment, the fiy ash used as fine aggregate is processed fly ash 
of the invention. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE I. Compressive strength of tly ash mortar prepared with the M8F95 air 
classified product, used to replace 25% of cement- Three series of mortars were prepared 
(square, lozenge, and triangle). 



15 



20 



FIGURE 2. Compressive strength of fly ash monar prepared with the M9P95 air 
classified product, used to replace 25% of cement. Three series of mortars were prepared 
(square, lozenge, and triangle). 



FIGURE 3. Compressive strength of fly ash mortar prepared with the M8F95 air 
classified product, used u» replace 35% of cement. Three series of mortars were prepared 
(square, lozenge, and triangle). 

25 FIGURE 4. Compressive strength of fly ash mortar prepared with the M9F95 air 

classified product, used to replace 35% of cement. Three series of mortars were prepared 
(square, lozenge, and triangle). 

FIGURE 5. Compressive strength of fly ash mortar prepared with the M13N94 air 
30 classified product, used to replace 25% of cement. Three series ol' moriars were prepared 
(square, lozenge, and triangle). 



FIGURE 6 (prior art). Schematic diagram of the dry grinding process employed to 
process the coarse fraction of air cla^yiified fly a.sh, and unfractionaied fly ash. The 
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Attritor dry grinding process is achieved in a stationary tank by means of a rotating shaft 
and arms that agitate the media into a random state of motion of internal porosity called 
kinematic porasity. In this expanded condition, the media and particles arc fret to move, 
collide, and impinge upon each other. (A) Kinematic porosity in expanded media. The 
5 revolving arm hits grinding media. The media moves forward rapidly. The media 
collides with the substrate, breaking up or reducing in size the product particle. (B) 
Media at rest when the shaft is stationary. (C) Expanded media when the shaft is 
rotating. 



10 FIGURE 7. Analysis of the particle size distribution and mode for the coarse air 
classified fly ash fraction (M8C95) prior to grinding. 

FIGURE 8. Analysis nf the particle size distributttm and made for the unfractionated tly 
ash (M0C95) prior to grinding. 

15 

FIGURE 9. Compressive strength of fly ash mortar prepared with the M0G95 {ground, 
untractionaced tly ash) product, used to replace 25% of cement. Three series of mortars 
were prepared (square, lozenge, and triangle). 

20 FIGURE 10. Compressive strength of fly ash mortar prepared with the M8CG95 air 
ckssified product after grinding, used to replace 25% of cement. Three scries of mortars 
were prepared (square, lozenge, and triangle). 

FIGURE n. Compressive strength of tly ash mortar prepared with the M0G95 product, 
25 after grinding, used to replace 35% of cement. Three series of mortars were prepared 
(.square, lozenge, and triangle). 

FIGURE 12, Compressive strength of control fly ash mortar prepared with cement 
without tly ash. Three series of mortars were prepared (square, lozenge, and triangle). 

30 

OETAILED DESCRIPTION OF THE INVENTION 



As described above, the present invention relates to hardenable mixtures comprising 
processed fly ash of a defined fineness as a replacement for cement in ccmentilious 
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materials, which hariienabk mixtures achieve compressive strength that is about equal to 
or greater than the compressive strength of the same hardenahle mixture without tly ash. 
The invention harther provides for replacement of a portion of the fine aggregates in a 
hardenahJe mixmre with fly ash of a defined fineness. In panicuJar embodiment";, the 
5 hardenabie mixture can be concrete or mortar, as hereinafter defined. 

Throughout this specification, where specific ratios, percentages, or proponions are 
mentioned, they are determined by weight and not by voJurae unless stated otherwise. 

10 The present invention is based, in part, on the observation that processing tly ash from a 
boiler to shift the entire distribution range of tly ash particles to a smaller size, and to 
narrow that range, allows for essentially quantitative utilization of tty ash, and yields 
hardenabie mixtures, e.^'., concrete and monar. with a greater raw of compressive 
strength gain than other such compositions comprising tly ash. and crossover for greater 

15 compressive strength than such mixtures lacking tly ash after seven to fourteen days. 

These properties are Independent of the .source and chemical composition of fly ash» as the 
pozzolanic properties of the fly ash primarily depend on the degree of fineness of the fiy 
ash. It has been surprisingly ftmnd that processing fiy a.sh by grinding to a defined 
fineness modulus as herein defined provides a high degree of quality control, regardless of 

20 the classification or combustion conditions of the tty ash. 

As used herein, the term "tly ash" refers to a solid material having a chemical 
composition similar to or the same as the composition of the material that i.s produced 
during the combustion of powdered coal. In a specific aspect, the st>lid material is the 

25 material remaining after the combustion of powdered coaK ACl Committee 1 16 (1990, 
ACI 116-85, AC! Manual of Concrete Pracilce Parti, American Concrete Institute, 
Detroit) defines fly ash as "the finely divided residue resulting from the combustion of 
ground or powder coal which is transported form the firebox Through the fiue gases", and 
the term "tly ash** as used herein encompasses this definition. Generally, tly ash derived 

.10 from various coals have dift'erences in chemical composition, but the principal compiments 
of fly ash are SiO, (25% to 60%), AKO, (10% to 30%), and Fep, (5% to 25%) The 
MgO content of tly ash is generally not greater than 5%. Thus, the term tly ash generally 
refers co solid powders comprising from about 25% lo about 60% silica, from abmii 10% 
to about 30% AUG.. from about 5% to ab{)ut 25% Fe,0,. from about 0% lo about 20% 
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CaO, and from about 0% to about 5% MgO. 

The term "fly ash" ftirther contemplates synthetic fly ash» which may be prepared to have 
the same performance characteristics as fly ash as described herein. 

5 

Presently, fly ash is classified primarily in two groups: Class C and Class F. according to 
the ASTM C 618 (1990, supra). Class F is generally produced by burning bituminous 
coal, and Class C results from sub-bituminous coal t)r lignite. Generally, the fly ash from 
the combustion of sub-bituminous coals contains more CaO and less Fe^O, than fly ash 
10 from bituminous a>al (Berry and Malhotra. 1980, AC! J. Proceedings 77:59-73). Thus, 
the CaO content of the Class C fly ash is usually higher than 10%. with the sum of the 
oxides of SiO,. AI.O.^ and Fe.O;» not less than 50%. For Class F fly ash the CaO content 
is normally less than 10% and the sum of the above mentioned oxides is not less than 
70%. 

15 

The glassy phase of fly ash depends essentially on the combustion conditions and type i»f 
boiler. Non-fractionated fly ash obtained from different boilers, .such as dry bottom 
boilers or wet bottom boilers, has been found to behave differently. Boilers that achieve 
higher temperature yield fly ash with a more developed or pronounced glassy phase. 

20 Alternatively, combustion in the presence of a fluxing agent, which reduces the fusion 
temperature of the fly ash, can also increase the glassy pha.se of fly ash produced by 
combustion for lower lemperaiure boilers. Compressive strength of a iiardenable mixture 
containing fly ash may depend in part on the g]as.sy phase of the fly ash, .so generally fly 
ash produced tor higher temperature boilers, or produced in the presence of a fluxing 

25 agent, or both, may he preferred. However, the flneness modulus is the mi)si important 
parameter for defining compressive strength, and fractionated fly ash from any source, 
with a defmed fineness modulus, can be used according ti) the invention. 

Although fly ash generally comes in a dry and finely divided form, in many instances, due 
30 to weathering and transportation processes, fly ash becomes wet and often forms lumps. 
Such fly ash can be less reactive. 

Ptizzolan, as defined by ASTM C 593 (1990, ASTM C 593-89. Annual Bank oj ASTM 
Standards. Vol, 04.02), is "a siliceous or alumino-siliceous material thai in itself pos.sesses 
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little or no cementitious value but that in finely divided form and in the presence of 
moisture will chemically react with alkali and alkaline earth hydroxides at ordinary 
temperatures to form or awist in forming comp<»unds possessing cementitious pn)perties.- 

5 The present invention relates to the determination of the fineness modulus of fractionated 
fly ash. As used herein, the term "fineness modulus'* refers to a measure of the 
distribution of volumes of particles of fly ash or distribution of particle sizes of the tly 
ash. According to the present invention, the fineness modulus is a distribution analysis 
that is much more informative than an average or median particle diameter determination 

10 or total surface area determination. The value of fineness modulus corresponds to the 
fineness of a fraction of tly ash. or to non -fractionated tly ash. Thus, a traction of fly ash 
containing a di.stribution of particle.s having smaller size. e.(;. . a median diameter that falls 
within a smaller range set. will have a fineness mcKlulus value that is lower than a fraction 
of fly ash containing a distribution of particles having somewhat larger size, e.g., a 

15 median diameter that falls within a larger range set. or non-fractionated fly ajih. 

According to the present invention, lower values of fineness m«xlulus are preferred, since 
hardenable mixtures that comain fractions having a l(»wer fineness modulus achieve 
compressive strength gains more rapidly. In another embodiment, larger values of 
fineness modulus may be preferred, where a slower rate of compressive strength gain may 

20 be desired. 

The fineness modulus can be determined experimentally, c.^'.. by sequentially sieving fly 
ash panicles on different sized sieves, or by light diffraction index analysis. The latter 
method provides a basis for virtual sieving by indicating the size distributiim and number. 
25 thus allowing for prediction of percent retention (or pass through) on a sieve of a given 



size. 



Thus, the present invention is directed, in part, to u.se of processed fly ash. in which the 
fly ash particles in any given fraction have a more uniform distribution of volumes, sizes. 
30 and regular spherical shape than non-fractionated fly ash. or fly ash proces.scd by crushing 
or other techniques that fracture the particles, resulting in irregular, microscopically 
jagged shape. 



Preferably, the fineness m.idulus is determined as the sum .if the percentage cif flv 
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remaining on each of a series of different sized sieves. As noted above, this value can be 
a virtual number, determined by predicting the percent retention on different sized sieves 
from size information derived using other techniques. Accordingly, the term "fineness 
modulus" refers to a relative value, which can vary depending on the series of sieves {or 
5 other sizing apparatus) chosen. Since, according to the instant invention, fly ash particles 
of smaller size or diameter are preferred for use in hardcnable mixtures, more accurate 
determinations of fineness modulus are available if a series of smaller sieves are chosen. 
Preferably , the size of the sieves is predominantly below 10 c./;., the sieves may be 
0.5. 1, 2. 3, 4, 5. 6, 7, 8 and 10 microns, with sieves ranging up to 300 microns being 

10 useftjl. The number of sieves sized 10 microns or less should be at least one more than 
the number of sieves sized greater than 10 microns. In a preferred embodiment, the 
number of sieves sized 10 microns or less is at least five. Although in a specific 
embodiment dry sieves are used to calculate a value for the fineness modulus, other 
methods, such as wet sieving, can also be used. Quantitative determination of fineness 

15 modulus, as well as preparation of hardenable mixtures with greater rates of increase in 
compressive strength, is more ftilly developed in a>-pending U.S. Patent Application 
Serial No. 08/246,875. filed May 20, 1994 by Liskowitzet ah. entitled IMPROVED 
COMPRESSIVE STRENGTH OF CONCRETE AND MORTAR CONTAINING FLY 
ASH/ and International Patent Publication No. WO 95/32423, published November 30, 

20 1995. of International Patent Application No. PCT/US95/06182, filed May 19. 1995, by 
Liskowitz et al. and having the same title. 

The greater the number of sieves sized 10 microns or less, the greater the absolute value 
of fineness modulus. Accordingly, where sieves of 0.5. K 2, 3. 4. 5. 6. 7. 8, and 10 
25 microns are used, the fineness modulus will be a higher absolute number, reflective of the 
greater degree of accuracy of determination of this value for the smaller diameter or 
smaller size fly ash particles. 

Although not intending to be bound by any particular theory or hypo(hesis. it is believed 
30 that dissolution of fiy ash in a hardenable mixture, whereby the pozzolanic properties of 
the tly ash can contribute to compressive strength of the hardenable mixture, is acutely 
dependent on the size distribution of the fiy ash to a certain minimum size. It has been 
further discovered that tly ash particles with a uniform, generally .';pherical. shape are 
preferred because they do noi degrade the workability of ccmemitious mixtures. The data 
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disclased in the Exampltss. infra, support a conclusion thai the fly ash contribution to 
compressive strength of a hardenable mixture depends on the distribution of particle 
volumes, or sizes. Above a minimum size, the contribution diminishes. Below this 
minimum size, strength of the concrete appears to be independent of size. Most surprising 
5 is the discovery that a regular, predominantly spherical, surface i.s preferred. This 
observation is surprising because the .surface area hypothetical ly determines the reactivity 
of a panicle, since surface ftinctional groups are presumably more available for reaction, 
and thus one might expect that an irregular surface area, such as with a jagged particle, 
would be preferred. 

10 

The pozzolanic reaction of fly ash in a hardenable mixture comprising cement is the 
reaction between constituents of the tly ash and calcium hydroxide or other alkaline 
materials. It is generally ai!.sumed ti) take place on the surface of fly ash particles, 
between silicates and aluminates from the glass pha.se of the tly ash and hydroxide itwi in 

15 the pore .solution (Plowman, 1 984. Proceedings, 2nd Infl Conference on Ash Technology 
and Marketing, London, pp. 437-443). However, the re.sult of the research leading to the 
present invention indicates that the pozzolanic reactions of the ash are dependent on the 
volume and shape of the fly ash particles: die smaller the particle volume, and the more 
regular its shape, the mcire rapidly it completes its reaction with the cement i.> contribute 

20 to compressive strength. The rate of solubility and reactivity of these glassy phases in 
different types of tly a.sh depends on the glassy phase of tly ash. which in turn depends on 
the combu.stion temperature of the boiler that produced the tly ash. In addition lo the 
elTect of combu.stion conditions on the glassy phase of fly ash, different fly ashes from one 
class can behave differently, depending on the SiO,, AUO, and Fe,0, content, and odier 

25 factors .such as the particle size distribution and storage conditions of the ash [see Aitcin 
et al. 1986, si^ra: Liskiwitz et al., 1983. sitpra). 

During hydration. Portland cement produces a surfeit of lime (CaO) thai is rctea.sed t() the 
pore spaces. It is the presence of this lime that allows the reaction between the silica 
30 components in tly ash and calcium hydroxide to form additional calcium .silicate hydrate 
fC-S-H]. He et a). (1984. Cement and Concrete Research 14:503-51 1) showed that the 
content of cryj:tallinc calcium hydroxide in the tly ash-rortland cement pa.stcs decreases as 
a result of the addition of tly ash, mo.st likely resulting from a reaction of calcium with 
alumina and silica from tly ash to form addition C-.S-H. This process stabilizes the 
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concrete, reduces permeability and increases resistance to chemical attacks. 



Processing oK fly ash to achieve the desired fineness modulus, Ll\. disirihutiiw of sizes, 
can be accomplished by any means known in the ari» provided that it presen'es or results 
5 in particles of fairly regular, preferably spherical, shape. Preferably, processing 
comprises grinding with a fluid bed grinding process with a low ratio of fly ash to 
grinding media. In a specific embodiment, infra, about two parts^ unfractionated fly ash 
are ground with about (me pan grinding media (by volume), and the grinding media is 
zirconium silicate. However, other grinding media, such as carbon steel, are also 
to contemplated for use according to the invention. 

The term "cement" as used herein refers to a powder comprising alumina, silica, iime. 
iron oxide and magnesia burned together in a kiln and finely pulverized, which upon 
mixing with water binds or unites other materials present in the mixture in a hard mixture. 
15 Thus, the hardenable mixtures t)f the invention comprise cemem. Generally, the term 
cement refers to hydraulic cements such as. but not limited to, Portland cement, in 
particular Portland type I. II, III, IV and V cemenu;. 

As used herein, the term "cementitious materials" refers to the portion of a hardenable 
20 mixture that provides for binding or uniting the other materials present in the mixture, and 
thus includes cement and pozzolanic fly ash. Fly ash can comprise from aboui 5% to 
about 50% of the cementitious materials in a hardenable mixture of the invention: 
preferably, fly ash comprises from about 10% \o about 35% of cementitious materials. 
The balance of cementitious materials will generally be cement, in particular Portland 
25 cement. In a specific embodiment, infra, the hardenable mixtures of the inventicm 
comprise Portland type J cement. 

The term "concrete" refers to a hardenable mixture comprising cementitious materials: a 
fine aggregate, such as sand; a coarse aggregate, such as hut not limited to crushed basah 
30 coarse aggregate: and water. Concrete of the invention further comprises fly ash having 
defined fineness. In a specific embodiment, the fly ash makes up from about 10% to 
about 50% of the cementitious materials. In a further aspect, the fly ash is used as fine 
aggregate in a ratio of from about 4: [ to about 1:1 to sand. In yet a turiher embodiment, 
the fly 'A?X\ is an additive in addition to a replacement of cement, or a replacement of 
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cement and fine aggregate. 

Various ratios of cement, fine aggregate, coarse aggregate, water, and optionally additives 
as set forth below, are ui?ed to prepare concrete, and are contemplated by ihe pre.<;ent 

5 invention. In specific embodiments, concrete of the invention consists essentially of about 
I part by weight cementitious materials, about 1 to about 3 pans by weight fine aggregate, 
about 1 to about 5 parts by weight coarse aggregate, about 0.35 to about 0.6 parts by 
weight water, and optionally additives as set forth below, such that the ratio of 
cementitious materials to water ranges from approximately 3:1 to 1.5:1; preferably, the 

10 ratio of cementitious materials to water is about 2:1. In a specific embodiment, the 
concrete coasists essenUalty of I part cementitious materials. 2 parts siliceous river sand 
or Ottawa sand. 3 parts 3/8" crushed basalt coarse aggregate, and 0.3 parts water. 

The term "mortar" refers to a hardenable mixture comprising cememitious materials: a 
15 fine aggregate, such as .sand: and water. Mnnar of the invention lurther comprises fly ash 
having defined fineness. In a .specific embtKliment. the Hy ash makes up from about 10% 
to about 50% of the cementitious materials. In a further aspect, the tly ash is used as fine 
aggregate in a ratio of from about 4: 1 to about 1 : 1 to sand, lo yet a hirther embodiment, 
the fly ash is an additive in addition to a replacement of cement. t)r a replacement of 
20 cement and fine aggregate. 

Various ratios of cement, fine aggregate, water, and optionally additives as set forth 
below, are u.sed to prepare mtjriar, and are contemplated by the present invention. In 
specific embodiments, mortar of the invention consi.sts es.semially of about 1 part by 
25 weight cememitious materials, about 1 to about 3 parts hy weight fine aggregate, about 
0.5 parts hy weight water, and optionally additives, such that the ratio of cementitious 
materiaLs to vrater is approximately 2:1 . In a specific embodiment, the mortar consists 
es.seniially of I part cementitious materials. 2.75 pans Ottawa sand, and 0.5 parts water. 

30 As noted above, tly a.sh can be used as a fine aggregate in concrete or morsar. in .ddition 
to having a role as a cementitious material. It has been found that substitutms tly ash for 
a conventional fine aggregate, such as sand, provide., the advantages of increa.s.d 
compressive strength of the concrete or mortar since the total amount of fly ash in the 
hardenable composition is the same, with a rapid rale of increase of compre.«ive .strength 
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because the amoum ot cement in the cememitious materials is greater. 
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According to the present invention, the hardenable mixture can ftjrther comprise one or 
more of the following in quantities commonly used in concrete and mortar compositions: 
5 kiln dust, e.g., the dust generated in the manufacture of cement: silica ftjme, which is a 
by-product from the silicon metal industry usually consisting t)f about 96%-98% reactive 
SiOj. and which generally comes in very fine particle sizes of less than I micron; 
superplasticizer, such as Daracem-IOO (W.R. Grace),an expensive hut common additive 
for concrete used to decrease the water requirement for mixing the concrete; and a 
10 dispersing agent» such as sodium hexametaphosphaie (NaPOO- The use of a dispersing 
agent is particularly preferred when weathered lly ash is inc(^rpi>rated in the hardenable 
mixture. 

Addition of silica fume can enhance the early rate of strength gain of a hardenable 
J 5 mixture, and therefore may be a desirable component of hardenable mixtures of the 
invention. 

In a specific embodiment, a hardenable mixture of the invention may also contain glass 
fibers for reinforcement. The use of glass fibers in hardenable mixtures of the invention 

20 ftir reinforcement can he achieved because the fly ash, particularly finer fraaions of lly 
ash, reacts more readily than glass fibers with reactive components of the cement, if.^.. 
Ca(0H)2. thus preventing long term reaction of the glass fibers with these reactive 
components, which would otherwise degrade the glass fibers. The most inen hardenable 
mixtures are those that contain approximately equal amounts of fiy ash. or My ash and 

25 silica tume (as discussed below), and cement. The ability of fiy ash to neutralize reactive 
agents in cement is discussed in greater detail in U.S. Application Serial No. 08/246,861, 
filed May 20, 1994. and International Patent Publicaticm N*). WO 95/33162. published 
November 30, 1995, of International Application No. PCT/US95/063.16. filed May 19. 
1995, both emiiled "^SULFATE AND ACID RESISTANT CONCRETE AND MORTAR" 

30 by John Liskowitz et al. 

In another specific embodiment, a hardenable mixture of the inventitm further comprises 
glass fibers, and silica hime. Silica liime reacts more readily with reactive components of 
cement than the gtes fibers, and thus can provide early desirable protection of the glass 
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fibers from degradation as well as early compressive strength gains. Subsequently, the fly 
ash wit! react with such reactive components, thus precluding early and late reactivity of 
glass fibers. As noted above, reaction of glass fibers with alkali and alkali earth 
compounds can lead to degradation of the glass fibers, and loss of tensile strength of the 
5 hardenable mixture. 

Concrete beams of the invemion with dimerejions of 3' x6"x27 ' can be used to evaluate 
the bending .strength of fly ash concrete, e.g., u.«iing simple beam with third-point loading. 
Preferably, such test procedures are in accordance with ASTM C 78 (1990, ASTM C 78- 
10 84. Annual Book of ASTM Siandards, Vol 04.02). 

The present invention will be better understood by reference to the following Examples, 
which are provided by way of exemplification and not by way of limitation. The 
Examples compare various techniques for processing fly ash. including air classification 
15 and grinding, and demon.strate that grinding a .specific starting materials under appropriate 
condiUons is necessary to produce a processed fly ash with the advantages disclosed and 
exemplified herein. 



20 



EXAMPLE 1: AIR HLASSIFICATION OF FL Y ASH 



Altiiough it has been generally recognized that fly ash pn>duced in utility coal tired boilers 
when u.sed in small quantities (< 15%) as a replacement for cement can provide desirable 
properties to cement products, its widespread u.se by the cement industry has been 
severely limited. This i.s due to variability in the propenies of tly ash collected from 

25 differem boilers at difterem times, its retarding early strength developmem. and lack of 
accurate relationship to predict performance of fly ash in cement products when the 
quantity of the fly a.sh used as cemem replacement exceeds 15%. This occurs because of 
a lack of understanding of the factors and fly ash properties that influence the performance 
of the fly aiih in combination with the cemem in cement products. As a result, fly a.sh ha.-; 

30 been used in small amounts as a generic material in cement to gain improvemem in the 
engineering properties of the cement products without affecting the performance «if the 
cement products that can result from variability in the fly ash properties. The present 
Examples address these deficiencies, and demonstrates that quamitativc uiilizaii..n of fly 
ash can be achieved in high quality concrete and mortar compositions. 
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Materials and Meth()ds 

Twenty super sacs (10 tons total) of marketable tly ash were coUected from an eiectricny 
generation boiler. An MS-20 commercial air classification fraciionatcr (Procressive 
Industries. Sylacanga. Alabama) was employed to obtain the desired tly ash product. The 
5 coarse fraction of fly ash that is produced along with the desirable tly ash product In the 
fraciionater was intended to be ground to produce a targeted ground tly ash particle size 
distribution that is comparable to the fractionated fly ash product- 
Grinding of the coarse fraction from the MS-20 Progressive Industry Fractionaier was 

10 carried out using a tluidized bed process (Union Processing, Akron, Ohio). As part nf 
this effort, grinding of the tly ash collected from the boiler was also investigated to 
determine if the desirable tly ash particle sizes in the fly ash could be increased with 
grinding. Also, dependence of desirable tly ash product on coal pulverizer pertormance 
and boiler operating conditions could be minimized through grinding. The amount of tly 

15 ash pr<Kiuct with desirable particle sizes available in the tly ash was averaging only about 
55 percent of the total particles present in the samples that were collected and analyzed 
without ttirther pr(x:essing. 

Results and Discussion 

20 Twelve different MS-20 fraaionation control settings were evaluated for their cffeas on 
product yield. The processing rate was adjusted In the ditlereni sellings. Increasing the 
processing rate of the MS-20 from 3 tons/hour up to 5 tons/hr reduced the product yield 
from 38% down to 28%, respectively. However, particle size analysis using the Leeds 
and Northrup Microtrac shows that the tly ash pn)duct produced at the greater pn^essing 

25 rate of 5 lons/hr {M8F95) contained a greater fraction of tine particle sizes than the 

product produced at a rate of 3 tons/hour {M9F95). Selecting 1 1 microns as the desired 
maximum particle size (diameter) in the product, and 5.5 microns as the mean particle 
size range for comparis(m of size distribution, 93% and 78% of the particles in the 
M8F95 product were less that 1 1 microns and 5.5 micrims. respectively (sec Table I). 

30 whereas 92% and 73% of the particles in the M9F95 are seen to be less than 1 1 and 5.5 
microns (see Table 2). The median particle diameter for the M8F95 and M9F95 fractions 
was measured to be 2.8 microas and 3.4 microns, respectively. 
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Table I 



10 



15 



20 



25 



30 



35 



MICROTRAC STANDARD RANGE PARTICLE ANALYZER 
PERCENT PASSING DATA 
ASVR PARAMETERS 



Id^^l:M8F95 

Disirib. Formai: Volume 

Filter: n/a 

RunTime: 15 seconds 
Run Number: Avg of 3 runs 
Transmission: 0.87 
Laser Im: 1,018/0.000/0.000 
Residuals: Disabled 
Above Residual: 0.000 
BeJow Residual: 0.000 



CbTQP. 



704.0 
497.8 
352.0 
248.9 
176.0 
124.5 
88.00 
62.23 
44.00 
3L11 
22.00 
15.56 
11.00 
7.778 
5.500 
3.889 
2.750 
1.945 
1.375 
0.972 



Summary Data 
dv = 0.0579 
\0% = 1.121 
50% = 2.828 
90% = 8.924 
tnv ^ 4.228 
mn - 1.217 
ma - 2.306 
ca = 2-602 
sd = 2.656 



Chan. Progression: Standard 
Upper Channel Edec: 704.0 
Lower Channel Edge: 0.688 
Number of Channels: 20 



% Pass 


% Change 


100.00 


0.00 


100,00 


0.00 


100.00 


0-00 


100.00 


0.00 


100.00 


0.00 


100.00 


0-00 


100.00 


0.00 


100,00 


0.00 


100.00 


0-03 


99.97 


0-83 


99.14 


2.37 


96.77 


3.78 


92.99 


5.45 


87,54 


9.13 


78.41 


15 46 


62.95 


14.13 


48.82 


16.66 


32.16 


14.54 


17.62 


11-94 


5-68 


5.68 
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Table 2 



10 



MICROTRAC STANDARD RANGE PARTICLE ANALYZER 


PERCENT PASSING DATA 






ASVR PARAMETERS 




ld#l:M9F95 


Summary Data 




Distrib. Format: Volume 


dv - 0.0316 




Filler: n/a 


10% = 1.153 


Chan. Progression: Standard 


Run Time: 15 seconds 


50% = 3.357 


Upper Channel Edge: 704.0 


Run Number: Avg of 3 runs 


90% = 10.06 
mv = 4.710 


Lower Channel Edge: 0.688 
Number of Channels: 20 


Transmission: 0.93 


Laser Int: 1.016/0.000/0.000 


mn = 1.220 




Residuals: Disabled 


ma ^ 2.480 




Above Residual: 0.000 


ca = 2,420 




Below Residual: 0.000 


sd = 3.130 






Ch Typ 


% Pass 


% Change 


704.0 


100.00 


0.00 


497.8 


100.00 


0.00 


352.0 


100.00 


0.00 


248.9 


100.00 


O.Ou 


176.0 


100,00 


0.01} 


124.5 


100.00 


0.00 


88.00 


100.00 


0.00 


62.23 


100.00 


0.00 


44.00 


100.00 


0.05 


31.11 


99.95 


i.n 


22.00 


98.84 


2.72 


15.56 


96.12 


4,59 


11.00 


91.53 


7.04 


7.778 


84.49 


11.33 


5.500 


73.16 


17.46 


3.889 


55.70 


12.67 


2.750 


43.03 


13.90 


1.945 


29.13 


13.10 


1.375 


16.03 


10.84 


0.972 


5-19 


5-19 



40 A comparison of the compressive screneih development exhibited by the M8F95 and 

M9F95 fly ash<ontaining mortar in mortar with 25% cement replacemem achieved after up 
10 iweniy-eight days of curing show differences between the two products. Comparing 
Figure i (M8F95-25) with Figure 2 (M9F95-25). the compressive sirencih development 
achieved xvith ihe M8F95-25 mortar is seen to be slightly greater than thai achieved with 

45 M9F9S-25 moriar up jo fourteen days of curing. After twenty eight days of curing, both 
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the M8F95-25 and M9F95-25 mortar exhibit comparable compressive strength. 
Apparently, the finer parUcIe size dfetribution present in the M8F95 product compared to 
the 1VI9F95 particle size distribution accounts for faster early compressive strength 
development exhibited by the M8F95-25 mortar. 

5 

Mortars were also prepared with M8F95 and M9F95 fly ash products by replacing 35% of 
the cement with these tly ash products. These mortars did not have observable differences 
in the rate or extent of compressive strength (compare Figure 3, M8F95-25. with Figure 
4. M9F95-35) between them. The use of larger amounts of tly ash in the mortar 
10 apparently masks the influence of differences in particle size distribution in the M8F95 
and M9F95 products on compressive strength development. 

Compressive strength development exhibited by the mortars prepared with 15% 
replacement of the cement with the M9F95 fly ash pr.)duct and the MI3N94 fly ash 
15 pr<xiua prepared from ash collected in late 1994 provided comparable results. If one 
compares Figure 2 with Figure 5. the compressive strengths mea.sured at seven days, 
fourteen days and twenty eight days of curing can be seen t.> be comparable for the 
M9F95-25 and M13N94-25 mortars, respectively. 

20 This result was cmsistcnt with our predictions from the rmene.ss modulu.s. .since the 

cmtrol setting on the fractionater used to prepare the MI3N94 ash provide a processing 
rate of 3.2 ton/hour which was comparable to the 3 ton/hour processing rate used for the 
M9F95 product. Particle size analysis indicated their particle size distributions are similar 
(compare Table 2 with Table 3). 

25 
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Table 3 



MICROTRAC STANDARD RANGE PARTICLE ANALYZER 


PERCENT PASSING DATA 




ASVR PARAMETERS 




iQ tt I' iVil j1\ 


Surnmarv Data 




T^^e«a'iW S^nrm^t' \/f^lllTT1l* 

UlStiiD. ronnai. voiuinc 


dv = 0.0392 


Chan. Proeression: Standard 


riUer. n/a 


10% ^ 1 198 


RunTime: 15 seconds 


= 3 943 


Upper Channel Edge: 704.0 


Kun Nunrjoer. Avg oi j runs 


Q0% = 8 718 
mv = 4.557 


Lower Channel Edge: 0.688 
Number of Channels: 20 


Transmission: 0.92 


I neor 1 nnA/n nnn/n nnn 
Lsser ini. i,uuo/u.ui/wu.uuiJ 


mn = 1.235 




Kestuuais. L/isaoicu 


ma = 2 638 






ca = 2.275 






sd = 2.961 




Ch Tod 


% Pass 


% Change; 


704.0 


100.00 


0.00 


497.8 


100.00 


0.00 


352.0 


1 on nn 


0.00 


248.9 


100.00 


0.00 


176.0 


100.00 


0.00 


124.5 


100.00 


0.00 


88.00 


100.00 


0.00 


62.23 


100.00 


0.00 


44.00 


100.00 


0.00 


31.11 


100,00 


0.13 


22.00 


99.87 


1.81 


15.56 


98.06 


2.52 


11.00 


95.54 


9.45 


7,778 


86.09 


16.19 


5.500 


69.90 


20.61 


3.889 


49.29 


11.59 


2.750 


37.70 


11-74 


1.945 


25.96 


11-69 


1.375 


14.27 


9.66 


0.972 


4.61 


4.61 
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These results indicate that proper sittings of the MS-20 fraciionater at given feed rates to 
achieve specific yields of fly ash product can minimize variability in fly ash pozzolanic 
activity that may exist in fly ash samples collected at different times or from differem 
boilers. Increasing the feed rate increases the quantity of fine particle sizes in the product 
but at the expense of the product yield. 



45 



SUBSTITUTE SHEET (RULE 26) 



PCT/US96/I9936 

WO 97/21640 

25 

EXAMPLE 2: nRlNDlNfi RESULTS 

The coarse fraction (M8CG) produced along with the M8F95 fly ash product in the MS.20 
fractionater was selected for grinding. The M8CG fraction was ch.«en ..ver the M9CG 

5 fraction because particle size analysis of these two coarse fractions reveal that 47% of the 
M8CG fraction particles were below ! I microns and 37% of the M9CG fraction were 
below 1 1 microns. Fly ash particle sizes 1 1 micKjns and below are the preferred particle 
sizes for fly ash products to be incorporated in concrete or mortar. Both the grinding of 
the M8CG coarse fraction and the unfractionated fly a..h wa.s investigated using the Union 

10 Process Dry Grinding Attritor whose principle of operation is described in Figure 6 (prior 
art). Thi.s grinding process was selected because it was assumed that grinding and rotation 
of the Hy ash pardcle. in an expanded media bed would produce ground particles that are 
similar in shape to the spherical unground particle. The spherical shape of fly a.sh 
particles in cement improves the workability of the fly ash cement product. 

A series of six grinding experiments were carried out in a HSA-30 Attritor. which allows 
scale-up and assessment of the grinding performance of the commercial size Attritor 
without the need for large quantities of sample. The grinding experiments were carried 
out by changing the quantity of 2-2.5 mm zirconium silicate beads which .served as the 
20 grinding media in the Auritor. and the feed rate. The grinding and compre.ssive .strength 
development achieved with the ground M8CG2 product produced from the course M8CG 
fraction and the ground product (MOG95) prepared from the unfraci.onaied tly ash were 
evaluated. 

25 Microscopic examination of the ground fly ash particles indicates unif..rmity in shape, 
comparable to the spherical fractionated fly ash product produced by the air classification 
process. These results indicate that the Attritor grinding process achieves size reduction 
by .surface grinding as opposed to fracturing the fly a.sh particles. If fracturing .)ccurred. 
one would expect to observe irregular .shaped particles. 



30 



Comparison of the results of the grinding of the M8CG course fraction and the 
unfractionated fly ash shows that the ground products obtained from the unfractionated lly 
a.sh (M0G95) is finer than the ground M8CG2 fraction. In this experiment, we found iha. 
90% of the ground MOG95 fly a.sb product is .smaller than 1 1 micr..ns. and thai 73% is 
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smaller than 5.5 microns, respectively (see Table 4). with the median panicJe size measured 
to be 3.0 microns. The percentage of ihe particle sizes below J ! microns and 5.5 microns 
measured in the ground M8CG2 product was 89% and 58%. with a median diameter of 4.6 
microns (see Table 5). 
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Table 4 


MICROTRAC XlOO PARTICLE ANALYZER 


PERCENT PASSING DATA 






ASVR PARAMETERS 




Id #1: FLY ASH RAW FEED 2 
Disirib. Format: Volume 
Filter: On 

RunTime: 15 seconds 
Run Number: Avg of 2 runs 
Transmission: 0.87 
Laser Jnt: 1,007/0.005/0.999 
Residuals: Disabled 
Above Residual: 0.000 
Below Residual: 0.000 


Summary Data 
dv = 0-0518 
10% = 0.827 
50% = 2.992 
90% = 10.75 
rov = 21.74 
mn = 0.514 
ma ^ 1.820 
ca = 3.297 
.rf = 3.369 


Chan. Progression: Standard 
Upper Channel Edge: 704.0 
Lower Channel Edse: 0.122 
Number of Channels: 50 
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0.00 

0.00 

0.00 

1.31 

2.96 

1.32 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.15 

0.45 

0.72 

MO 

1.70 

2.56 

3.71 

4 96 

6,02 

6.63 

6.76 

6.5i 

5.97 

5.39 

5.08 

5.2! 

5.71 

6.06 

5.60 

4.35 

3.00 

2.03 

1.43 

L08 

0.87 

0.73 

0.63 

O.OU 

0.00 

0.00 

0.00 
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MICROTRAC XlOO PARTICLE ANALYZER 
PERCENT PASSING DATA 
ASVR PARAMETERS 


Id #1: FLY ASH 8 COARSE 
Distrib. Format: Volume 
Filler: On 

Run Time: 15 seconds 
Run Number: Avg of 2 nins 
Transmission: 0.94 
Laser Int: 1,007/0.005/0.999 
Residuals: Disabled 
Above Residual: 0.000 
Below Residual: 0.000 


Sununary Daia 

dv = 0.0291 
10% = 0.947 
50% = 4,577 
90% = 1J.40 
mv = 5.570 
mn = 0.479 
ma - 2.265 
ca = 2.649 
sd 4.093 


Time: 10:30 • 

Chan. Progression: Standard 
Upper Channel Edcc: 704 .0 
Lower Channel Ed^e: 0.122 
Number of Channels: 50 
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Differences in panicle size distribuiion between the ground M8CG2 product and the ground 
55 M0G95 product under Uie same specific grinding operating conditions using a volume ratio 
of 2 pans fly ash to one pan grinding media appear to be due to the differences in panicle 
size distribution exhibited by the pre-ground M8CG feed and pre-ground ny ash feed. A 
comparison of panicle size distributions show that ihe panicle sizes in the M8CG coarse 
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ground fly ash feed. A comparison of particle size distributions show that the particie 
sizes in (he M8CG coarse fraction (see Figure 7) is skewed toward the 5 micron to 88 
micron range. The unground Hy ash contains a broad distribution of sizes, primarily in 
0.9 micron to 62 micron range (see Figure 8). The grinding of the two tly ash samples 
5 with different particle size distributions resulted in increasing the quantity of particles with 
sizes below L375 and 5.5 microns in the M8CG sample from 6% to 18% and 18% to 
58%, respectively, and in the unground fly ash frt>m 14% to 26% and 40% to 73%, 
respectively. 



10 These data show that direct grinding of the fly ash eliminates the need for initial 

fractionation of the fly ash followed by grinding of the coarse product ti> improve the 
yield. A comparison of the particle size distribution the M8F95 product produced with 
the MS-20 fractionation and the M0G95 product achieved with direct grinding of the tly 
ash suggests that they are similar. The percentage ot particle sizes below 1 1 microns, 5.5 

15 microns, and 1.375 microns in the M8F95 product are 93%, 78%. and 18%. respectively, 
with a median particle diameter of a 2.8 microns (.see Table 1). The percentages for the 
particle sizes below 1 1 microns, 5.5 microns, and 1.375 microns in the ground M0G95 
product are 90%. 73% and 26%. respectively, with a median diameter of 3 microns (see 
Table 4). 

20 

A comparison of the compressive strength development of mortar prepared with 25 
percent replacement of cement with the ground M8CG2 and ground M0G95 tly ash shows 
the ground unfractionated fly ash mortar (M0G95-25) exhibits a faster raie of compressive 
strength gain, and overall greater compressive strength gain, than the ground course 

25 fraction (M8CG2 -25) -containing mortar up to the twenty eight day design strength. This 
is ob.^^erved by comparison of compressive strength development of the MOG95-25 mortar 
with curing age in Figure 9 with that measured for the M8CG-2'25 mortar in Figure 10. 
These results are consistent with our expectations based on comparison of the quantity of 
fme particle sizes in the ground M0G95 product, which is greater than in the ground 

30 M8CG2 product. 

Compressive .strength development ot mortars. M0G95-25, M0G95'35. M8F95-25, and 
M8F95-35. prepared with the ground M0G95 unfractionated tly ash product and the 
fractionated product (M8F95) using 25% and 35% cement replacement with the lly ash 
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products are comparable. This is seen by comparing ihe compressive strength 
development tor M8F95-25 mortar in Figure 1 with compressive strength development tor 
M0G95-25 in Figure 9 and compressive strength development M8F95-35 in Figure 3 with 
that for M0G95-35 in Figure 1 1 . 

5 

The compressive strength development ofthe mortars M8F95-25 and M0G95-25, prepared 
with 25 percent replacement «f cement with the fractionated M8F95 product or ground 
unftacticmatcd M0G95 product, achieves control strength between 7 and 14 days of curing 
(compare Figure 12 with Figure 1 and Figure 9, respectively). The compressive strength 
10 of the M8F95-35 and MOG95-35 mortars prepared with 35 percent placement of cement 
with the M8F95 and M0G95 fly ash product achieves control strength at 14 days of curing 
(compare Figure 12 with Figure 3 and Figure II. respectively). 

Conclusions 

15 Particle surface grinding achieved with the Union Process Attritor provided targeted fly 
ash particle size distribution and particle shapes that are comparable to the desirable tly 
ash product produced with the air classification process. Compressive strength 
development achieved with mortar up to the 28 day design strength using ground 
nnfractionated Mercer fly ash as a cement replacement is comparable to that achieved with 

20 the tly ash product pnxluced in the commercial size Progressive Industries MS-20 air 
classifier. Compressive strength development exhibited by mortar prepared with 25% 
cement replacement with ground untxactionated fly ash exceeds contnil c.mprcssive 
strength between 7 and 14 days of curing. 

25 Most surprisingly, the grinding pnH:ess produces a desired tly a.sh pnKluct with 100% 
pr<.duct yield without the need for air classificaUon. The use of the grinding process can 
minimize the dependance of produce yield cm operating conditions employed in 
conventional coal fired utility boilers. 

30 The fly ash product has been demonstrated to significantly enhance the strength 

development and durability of concrete. The two major distinct characteristics of the tly 
ash pr<xluct are (I) it performs as good as or better than normal cemem using the same 
design mix portions at early age: and (2) it exhibits exceptional resistance against add and 
chemical attack. The studies carried out .so far utilized conventional mix proportions as 
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recommended by ASTM. No additives or admixtures were added in the tested mix 
proportions since the studies were aimed at evaluating and understanding the performance 
characteristics o\ the fly ash product. These data point the way for developing 
a)mmercial formulations of fly ash product mortar and concrete tor permeability, treeze- 
5 thaw restetance, mortar and concrete with early strength, mortar and concrete with strong 
acid and salt resistance for repair applications, concrete for glass fiber reinforced 
composites, and concrete with fly ash product and microsilica (silica fiime). 



10 The present invention is not to be limited in scope by the specific embodiments describe 
herein. Indeed, various modifications of the invention in addition to those described 
herein will become apparent to those skilled in the art from the foregoing descripticm and 
the accompanying figures. Such m<)diftcattons are intended w fall within ihe scope of the 
appended claims. 



15 



wo 97/21640 

WHAT \S C LAIMED IS: 



33 



PCT/US96/19936 



II. Fly ash characterized by 

2 a) substantially uniform spherical shape: 

3 b) greater than about 90% of the particles have a diameter of less than 1 1 

4 ^tm, greater than about 60% of the particles have a diameter of less than 5.5 Mm. 

5 and greater than about 15% of the particles have a diameter of less than i .375 

6 fxm; 

7 c) a median particle diameter of less than about 4.0 fim; and 

8 d) a range of particle diameters of from about 0. 1 to about 70 fim. 

1 2. The ny ash of claim 1 . wherein greater than about 93% of the particles have a 

2 diameter of le.<K than 1 1 ^m, greater than about 70% of the particles have a diameter of 

3 less than 5.5 ^m, and greater than about 18% of the particles have a diameter .rf less than 

4 1.375 /tm. 



3. The fly ash of claim 1 . wherein the median particle diameter is less than about 3.0 
fim. 



1 4. The fly ash of claim I . wherein the range of particle diameters is tr.im ab«mt 0.9 

2 to about 62 fini. 

1 5. The fly ash of claim 1. wherein 

2 a) greater than about 93 % of the particles have a diameter of less than 1 1 

3 MOi. greater than about 70% of the particles have a diameter of le.ss than 5.5 ^m, 

4 and greater than about 18% of the particles have a diameter of less than 1 .375 

5 tim; 

6 b) the median particle diameter is less than about 3.0 fim: and 

7 c) the range of particle diameters is from about 0.9 nm to about 62 ^m. 

1 6. The fly ash of claim 5. which is prepared by grinding unfractionaied tly ash. 

1 7. A concrete comprising about I part by weight cementitmus maccrials. about 1 to 

2 about 3 parts by weight fine aggregate, about 1 to about 5 parts by weight coarse 
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3 aggregate, and about 0.35 to about 0.6 parts by weight water, wherein the cemeniitious 

4 materials comprise from about 10% to about 50% by weight the fly ash of tiaim I and 

5 about 50% to about 90% by weight cement. 

1 8. A concrete comprising about J part by weight cemcntiliou.s materials, about I t(» 

2 about 3 parts by weight tine aggregate, about 1 lo about 5 parts by weight coarse 

3 aggregate, and about 0.35 to about 0.6 pans by weight water, wherein the cemeniitious 

4 materials comprise from about 10% to about 50% by weight the tly ash of claim 5 and 

5 about 50% to about 90% by weight cement. 

1 9. The concrete of claim 7 ftjrther comprising silica fume. 

I 10. The concrete of claim 7 further comprising glass fibers. 

1 11. A mortar comprising about I part by weight cementitious materials, about 1 to 

2 about 3 parts by weight tine aggregate; and about 0.35 to about 0.6 parts by weight water. 

3 wherein the cementitious materials comprise from about 10% to about 50% by weight the 

4 fly ash of claim 1 and about 50% to about 90% by weight cement. 

1 12. A mortar comprising about I part by weight cementitious materials, about I to 

2 about 3 pans by weight tine aggregate, and about 0.35 to about 0.6 parts by weight water, 

3 wherein the cementitious materials c(OTprise from about 10% to about 50% by weight the 

4 fly ash of claim 5 and about 50% to about 90% by weight cement. 

I 13. The mortar of claim 12 hirlher comprising silica fume. 

1 14. The mortar of claim 12 further comprising glass fibers. 

1 15. Fly ash prepared by processing fly ash so as to shift the size distribution to have 

2 the following characteristics: 

3 a) substantially uniform spherical shape; 

4 b) greater than about 90% of the panicles have a diameter uf less than 1 1 

5 greater than about 60% of the particles have a diameter of less than 5.5 ^m. 

6 and greater than about 15% of the particles have a diameter of less than 1 .375 
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7 ^m; 

g c) a median particle diameter of less than about 4.0 ^m: and 

9 d) a range of particle diameters of from about OA (xmxo about 70 ^im. 



1 16. The fly ash of claim 15 wherein the prt>cessing comprises grinding with a fluid 

2 bed grinding process using a ratio of two parts unfractionated fly ash with one part 

3 grinding media (by volume). 

I 17. The fly ash of claim 16 wherein the grinding media is zirconium silicate. 
1 18. The fly ash of claim 16 wherein the grinding media is carbon steel. 

A concrete comprising about I part by weight cementitious material.^, about 1 



1 Iv. A CDncreie comprising auuui i i>an "j "-,4,... 

2 about 3 parts by weight fine aggregate, abtiut 1 tn about 5 parf; by vveight coar.sc 

3 aggregate, and about 0.35 to about 0.6 parts by weight water, wherein the cementitiou.s 

4 materials comprise from abtnit 10% to about 50% by weight the fly asih of claim 15 and 

5 about 50% to about 90% by weight cement. 

1 20. A concrete comprising about 1 part by weight cememitiou.s materials, about 1 to 

2 about 3 parts by weight fine aggregate, about I tc, about 5 parts by weight coarse 

3 aggregate, and about 0.35 to about 0.6 parts by weight water, wherein the cementitious 

4 materials comprise from about 10% to about 50% by weight the fly ash ol claim 17 and 

5 about 50% to about 90% by weight cement. 

I 21 . The concrete of claim 19 further comprising silica ftimc. 

1 22. The concrete of claim 19 fiirther comprising gla.ss fibers. 

1 23. A mortar comprising about I part by weight cementitious materials, about 1 to 

2 about 3 parts by weight fine aggregate, and about 0.35 to ah.«,t 0.6 parts by weight water. 

3 wherein the cememiiious materials compri.se from about 10% to abinit 50% by weight the 

4 fiy ash of claim 1 5 and about 50% to about 90% by weight cemem. 

1 24. A mortar comprising about I part by weight cementitious materials, about I to 
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2 about 3 parts by weight fine aggregate, and about 0.35 to about 0.6 pans by weight water, 

3 wherein the cementitious materials comprise from about 10% to about 50% by weight the 

4 fly ash of claim 17 and about 50% to about 90% by weight cement, 

1 25. The mortar of claim 23 ftjrther comprising silica ftime. 

I 26. The mortar of claim 23 ftinher comprising glass fibers. 

1 27. A method for preparing fly ash comprising processing Hy ash so as to shift the 

2 size distribution to have the following characteristics: 

3 a) substantially uniform spherical shape; 

4 b) greater than about 90% of the particles have a diameter of less than 1 1 

5 ^m, greater than abt>ut 60% of the particles have a diameter of less than 5.5 /xm, 

6 and greater than about 15% of the particles have a diameter of less than 1 375 

7 ;xm; 

8 c) a median particle diameter of less than about 4.0 fim: and 

9 d) a range of particle diameters of from about 0.1 /xm to about 70 ^m. 

1 28. The method according to claim 27 wherein the processing comprises grinding with 

2 a tluid bed grinding process using a ratio of two parts unfractionated fly ash with one pan 

3 grinding media (by volume). 

1 29. The method according to claim 28 wherein the grinding media i.s zirctmium 

2 .silicate. 

I 30. The method according to claim 28 wherein the grinding media is carbon steel. 

1 31 . The method according to claim 27 wherein the fly ash is dry bottom boiler fly 

2 ash. 

1 32. The method according to claim 27 wherein the fly ash is wet bottom boiler fly 

2 ash. 
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FIG.6A 
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FIG.6B 

Stationary Shaft 




FIG.6C 



Rotating Shaft 
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